, 2004).
To investigate the cellular basis of bone mass increase Here, we disrupted the mouse Smurf1 allele and associated with loss of Smurf1 function, we performed found that Smurf1-deficient mice are perinatally normal detailed histomorphometric measurements in sections but exhibit an age-dependent increase of bone mass of undecalcified tibiae that were collected at the ages due to enhanced osteoblast activity. Surprisingly, of 4 and 9 months. Similar to femurs, Smurf1 −/− tibiae Smurf1 does not exert its control of osteoblast function also exhibited a marked thickening of cortical bone. through the Smad-dependent canonical TGFβ/BMP The ratio of cortex width to total bone diameter at the signaling; instead, it promotes ubiquitination and demidpoint of tibiae, a two-dimensional approximation of struction of MEKK2, an upstream kinase in the JNK sigcortical bone volume, was about 20% higher ( 
Homozygous mutant (Smurf1
−/− ) mice were born at exThus, this ruled out an imbalance in osteoblast/osteoclast differentiation, which would have altered the ratio pected Mendelian ratio (see Table S1 in the Supplemental Data available with this article online), had a of the respective cell numbers as a likely cause of the observed bone mass increase. However, calcein double normal life span, and were as fertile as their wild-type littermates. At the molecular level, however, the mulabeling analysis, a histomorphometrical measurement of osteoblast activity in vivo, revealed a significant intated Smurf1 transcript appeared to be less stable than its wild-type counterpart as it accumulated to a much crease in bone formation rate associated with loss of Smurf1 ( Figures 2D and 2E ) while urinary elimination of lower level in total cellular RNA in contrast to a marked increase of the Smurf2 transcript ( Figure 1D ). Given the deoxypyridinoline, a biochemical marker of osteoclast activity, was normal (data not shown). Taken together, crucial inductive role by the signaling output of TGFβ/ BMP, this compensatory increase of Smurf2 expression these results indicate that the bone mass increase in Smurf1 −/− mice likely emanates from an enhanced was likely to be causative to the seemingly normal embryonic development of Smurf1 −/− mice. Despite the bone-forming activity of osteoblasts. To ascertain that the expression pattern of Smurf lack of gross developmental abnormalities or health problems of the newborns, complete necropsy and hisgenes is compatible with a role in osteoblast, we conducted in situ hybridization analyses in tibiae sections. tological examination of 20 Smurf1 −/− mice between ages 4 and 15 months revealed a thickening of diaphySignals of Smurf1 transcript were concentrated in osteoblasts and proliferative chondrocytes but not in ossis in more than 75% of long bones from the cohort ( Figure 1E) . No other significant alteration in skeletal teoclasts ( Figure 2F ). Smurf2 transcript exhibited a similar cellular distribution, but its level in Smurf1 −/− tibiae morphology was observed (data not shown). Measurement of bone mineral density (BMD) showed that this was markedly increased ( Figure 2F ). Real-time RT-PCR quantification of mRNA isolated from bone extracts or thickening represented a bone mass increase primarily between the topographical sections 4 and 17 of the fepurified osteoblasts confirmed the increase of Smurf2 expression ( Figure 2G) . Apparently, the elevated Smurf2 murs ( Figure 1F ). Although newborn Smurf1 −/− mice be- Figure 3A ). This observation was consistent with the normal number of osteoblasts deligand treatment ( Figures 3B and 3D ). In the presence of BMP-2, however, ALP activity was induced in wildscribed in above histomorphometric measurements ( Figure 2C) . type cells at this early time point, but a much robust induction was observed in Smurf1 −/− cells ( Figure 3D ). To specifically address the impact of loss of Smurf1 on bone-forming activity of osteoblasts, we established
In the presence of TGFβ, which inhibits osteoblast differentiation and function, the basal level of ALP activity an osteoblast culture using cells isolated from calvaria bones. In vitro differentiation of mesenchymal progeniwas suppressed, and, when added together with BMP-2, TGFβ also suppressed the BMP-induced ALP activity tor cells or immature osteoblasts that are enriched in this culture faithfully recapitulates the osteoblast matuby more than 80% in both types of cells ( Figure 3D ). These results indicate that Smurf1-deficient osteoration process in expressing alkaline phosphatases (ALP), depositing type I collagen to ECM, and forming blasts were sensitized to BMP signaling while probably having a normal response to TGFβ. mineralized bone nodules (Bhargava et al., 1988). In Smurf1 −/− osteoblasts, although ALP activity was comparable to that of wild-type osteoblasts initially after Normal Smad-Dependent Responses in Smurf1-Deficient Osteoblasts culturing ex vivo for 7 days, it became significantly higher after 10 days (Figures 3B and 3C) . Similarly, To further delineate the effect of loss of Smurf1 on TGFβ or BMP signaling in osteoblasts, we analyzed the production of collagen matrix (van Gieson staining) was Figure 6C ). This was especially true to the phoscumulated under this condition in the otherwise wildtype osteoblasts, and the endogenous Smurf1 was cophorylated MEKK2; however, the turnover rate of kinase-deficient MEKK2(KM) was unaffected ( Figure 6C) . precipitated with the accumulated MEKK2 ( Figure 6F ). The hitherto described interaction appears to be of diSimilar results were obtained with pulse-chase labeling experiments. In wild-type MEFs, MEKK2 displayed a rect nature, as it is corroborated in yeast two-hybrid assay ( Figure 6G ) in which no homolog of TGFβ/BMP half-life of less than 1 hr, which was prolonged to about 2 hr in Smurf1 −/− MEFs, similar to that of MEKK2(KM) receptors or Smads exists. Mapping studies showed that MEKK2 specifically interacts with the two WW do-( Figure 6D −/− MEFs, we detected polyubiquitinated MEKK2 only when it was coexpressed purified recombinant GST-Smurf1 fusion protein from E. coli and FLAG-MEKK2 from Drosophila S2 cells (Figwith Smurf1 (Figure 7B ). Accumulation of polyubiquitinated MEKK2 was dependent on its intrinsic kinase acure 7D). Finally, we expressed constitutively active MEKK2 or tivity and the functionality of Smurf1 HECT E3 ligase ( Figure 7B ). Third, we reconstituted the ubiquitination of JNK, or kinase-deficient MEKK2 in osteoblasts by retrovirus-mediated transduction ( Figures 7E and 7F) , and MEKK2 in vitro using MEKK2 isolated from transfected Hep3B cells, purified E1 and E2, and in vitro-translated examined the effect of the ectopic expression on osteoblast activity. MEKK2(CT), the constitutively active Smurf1. In this reconstituted system, only the wild-type MEKK2 became polyubiquitinated when it was mixed form containing only the kinase domain (Cheng et al., 2000), strongly activated JNK, as revealed by the ability with Smurf1 but not a truncated Smurf1 lacking the HECT domain ( Figure 7C, lanes 2 and 1) . The kinaseof JNK1 from the infected calvaria cells to phosphorylate GST-c-Jun in an in vitro kinase assay ( Figure 7E ). deficient MEKK2(KM) was refractory to Smurf1-mediated ubiquitination ( Figure 7C, lanes 5 and 6) . Pretreat-MEKK2(CT) also induced high levels of ALP and collagen matrix production in both wild-type and Smurf1
MEFs (

−/−
ing the isolated MEKK2 with λ-phosphatase abolished its ubiquitination ( Figure 7C, lanes 3 and 4) , suggesting osteoblasts after they were put in differentiation me- Figures 7G and 7H) . Similarly, high levels of ALP signaling cascade in Smurf1 −/− mice is sufficient to enhance osteoblast activity. activity and collagen matrix production were induced by JNKK2-JNK1, the constitutively active fusion protein (Zheng et al., 1999) (Figures 7G and 7H) . However, the Discussion kinase-deficient MEKK2(KM) reduced the production of ALP and collagen matrix in Smurf1 −/− cells while having In this study, we have uncovered a novel aspect of the molecular underpinning of the bone homeostasis little effect in wild-type osteoblasts (Figures 7G and  7H) . We therefore conclude that MEKK2 is a bona fide through target inactivation of the mouse Smurf1 locus and showed that loss of Smurf1 results in accumulation substrate of Smurf1 and activation of the MEKK2-JNK of phosphorylated MEKK2 and activation of the downour results indicate Smurf1 is a physiological negative regulator of osteoblast function and place it in the same stream JNK kinase cascade, which has the tenacity to mobilize the AP-1/ATF family of transcription factors to group of genes as ATF4 and Fra-1, which are required for maintaining normal osteoblasts physiology and regulate osteoblast activity.
dium (
function ( Figure 6A ) and is preferentially ubiquitinated by Smurf1 (Figures 7A-7D ). These data suggest nisms could operate in cells upon overexpression of Smurf1 but may not do so obligatorily in its physiologithat the interaction between MEKK2 and Smurf1 is phosphorylation dependent. Previously, WW domains cal function.
It is unlikely that Smurf1 plays an indispensable role of Pin1, a peptidyl-prolyl isomerase, were shown to specifically bind to phosphoSer-Pro or phosphoThr-Pro in early commitment of osteoblast cell lineage because the number of mature osteoblasts remains the same in motifs (Lu et al., 1999) . However, phosphorylationdependent binding is not known for WW domains of Smurf1 −/− mice as in wild-type littermates ( Figure 2C ). Studies of molecular markers seem to corroborate this the HECT family E3 ligases. It is not clear at present if phosphorylated residues surrounding the PY motif connotion, as no change was detected in the level of Runx2 expression, whereas expression of α1 collagen type 1, stitute part of the binding requirement or if phosphorylation per se causes a conformational change in α2 collagen type 1, osteocalcin, and bone sialoprotein, all of which are markers of late-stage osteoblast matu-MEKK2 that exposes the PY motif to the WW domains of Smurf1. Regardless of which mechanism, our data ration and function, was increased ( Figure 3A) . Thus, 
